SiO 2 was grown by dry ͑O 2 ͒ thermal oxidation ͑at 1175, 1300, or 1400°C͒ on n-type 4H-SiC substrates. The samples were prepared by subsequently exposing the grown SiO 2 film on 4H-SiC to postoxidation annealing ͑POA͒ treatment using nitric oxide ͑NO͒ gas. The SiC-SiO 2 interfaces were characterized by high frequency capacitance-voltage measurements, X-ray photoelectron spectroscopy ͑XPS͒, and ellipsometry. The interface trap density of the dry oxide grown at 1300°C was much lower than others. At a higher grown temperature ͑1400°C͒, the electrical and physical properties of the oxide were not improved compared to those oxides grown at 1175°C. The XPS measurements provided evidence for the presence of intermediate oxidation states of Si oxycarbide in all samples. The areal densities of the intermediate oxidation states affected the interface trap density. The NO POA treatment significantly improved the interface trap density, the near-interface trap density, and the effective oxide charge density of the oxides grown at 1175 and 1300°C. But, this improvement was not observed for the oxide grown at 1400°C. The electrical properties of the metal-oxide-semiconductor devices fabricated using these oxides have also been discussed in terms of the oxide chemical compositions, which were determined by XPS and an oxide etching test.
Metal-oxide-semiconductor field-effect transistors ͑MOSFETs͒ based on 4H-SiC have been intensively investigated for high power device applications because of the excellent physical and electronic properties of 4H-SiC. [1] [2] [3] However, the use of SiC MOSFETs is still limited due to their low channel mobility. This is attributed to their high oxide-semiconductor interface trap density ͑D it ͒, particularly near the conduction bandedge of the semiconductor. The D it at SiC/SiO 2 interfaces is composed of three different types of traps: dangling bond centers, carbon-related defects, and near-interface traps ͑NITs͒. 4, 5 Dangling bond centers at SiC/SiO 2 interfaces, which are caused by structural misfit between the semiconductor and the oxide, are expected to be similar to the characteristics of Si/SiO 2 interfaces. 5, 6 However, they play only a marginal role compared to the total trap density at SiC/SiO 2 interfaces. 4 Excess carbon at SiC/SiO 2 interfaces has been observed by a series of analysis techniques. X-ray photoelectron spectroscopy ͑XPS͒, atomic force microscopy, and combined transmission electron microscopy/energy loss spectroscopy investigations revealed carbon particles at SiC/SiO 2 interfaces. [7] [8] [9] These carbon cluster-related interface traps can be distributed energetically over the whole SiC energy bandgap. 10 NITs are located in the oxide close to the SiC/SiO 2 interface. The energy range of NIT coincides with the conduction bandedge of 4H-SiC. Although the atomic structure of NIT is unknown, the density is correlated with the presence of excess Si or with the deficiency of oxygen in the oxide. 10, 11 This NIT is discussed in detail in the literature. [10] [11] [12] It has been generally accepted that SiO 2 grown by nitridation methods could significantly reduce the density of traps. Various thermal nitridation methods have been reported ͓e.g., direct growth and postoxidation annealing ͑POA͒ using nitric oxide ͑NO͒ or nitrous oxide ͑N 2 O͒ gas͔ to find the most suitable way to obtain high quality gate oxides. In the nitrided oxides formed by POA, carbon clusters form and accumulate in the initial stages of oxidation. In comparison, the extent of carbon cluster formation is much reduced for directly grown nitrided oxides. 13, 14 Most of these reported nitridation methods were performed at temperatures lower than 1200°C.
The properties of a SiO 2 /SiC interface are closely related to the oxidation temperature and oxidation rate. The oxidation rate at high temperatures ͑Ն1300°C͒ in dry ͑O 2 ͒ oxygen is 10 times higher than that at low temperatures ͑Յ1200°C͒. 15 Some researchers reported that the oxidation at higher temperatures ͑Ն1300°C͒ may reduce the amount of carbon being generated at the SiO 2 /SiC interface, and therefore the characteristics of using the high temperature oxide are improved. 16, 17 Hijikata et al. 18 reported that the interface trap density ͑D it ͒ between the oxide grown at 1100°C by wet oxidation on 4H-SiC C-face was much lower than that at 900°C. This is attributed to the thickness variation in the transition layer from the semiconductor to the oxide, indicating that there was a good correlation between the areal densities of the interface states and the electrical properties. However, the physical properties of dry oxides grown at high temperatures ͑Ն1300°C͒ on 4H-SiC Si-face wafers have not been reported. Therefore, it is important to clarify the interface structures of high temperature grown ͑Ն1300°C͒ dry oxides and the effect of nitridation on the interface structure. In this work, we systematically investigate and report the SiO 2 /4H-SiC interface properties, where SiO 2 is grown at 1175, 1300, or 1400°C in dry O 2 . The effect of exposing these oxides to POA using NO gas is also reported.
Experimental
Si face ͑0001͒ n-type 4H-SiC wafers, each with a 5 m thick epilayer doped with ͑0.9-1.5͒ ϫ 10 16 cm −3 of nitrogen, were used as the substrates in this work. The substrates were chemically cleaned before the oxide growth. 19 A hot wall oxidation furnace with a high purity ͑99.99%͒ SiC tube was used for this high temperature oxidation. The furnace was rapidly heated up from 900°C to either 1175, 1300, or 1400°C at a rate of 10°C/min in a high purity N 2 gas flow of 4 slm with low residual oxygen ͑0.2 slm͒. The oxidation gas ͑dry oxygen͒ was switched on when the targeted temperature was achieved. After completing the oxidation process, the furnace was slowly cooled down to 900°C at a rate of 5°C/min in a high purity N 2 gas flow ͑4 slm͒ with a low residual O 2 gas ͑0.2 slm͒. The load/unload procedure for the oxidation is important as it may significantly influence the oxide quality. 20 The oxide thickness was measured by an autogain ellipsometer ͑Gaertner L116B͒. The oxides z E-mail: hjkim@plaza.snu.ac.kr were 35-45 nm thick. For comparison, another set of similar oxides was exposed to the POA treatment. This treatment was performed under NO gas, flowing at 2 slm, at 1175°C for 2 h. The final thickness of the nitrided oxides was slightly increased to approximately 47 nm. After these oxidation and nitridation steps, an Al gate electrode was deposited on top of the oxides using an electron-gun evaporator at room temperature. The areas of the capacitors ͑1.30 ϫ 10 −3 cm 2 ͒ were then defined by a photolithography process. Postmetallization annealing was not performed, so as to avoid the formation of dipoles at metal/oxide interfaces. 21, 22 Based on this argument, the work function ͑4.3 eV͒ of Al used in this work is assumed to be the same as the work function of Al in vacuum. Finally, after the back-side oxide was removed, a large-area Al backside contact was deposited on the N + substrate. A computercontrolled Keithley 590 CV analyzer and a 595 Quasistatic capacitance-voltage ͑C-V͒ meter were simultaneously employed to measure the high and low frequency ͑C-V͒ characteristics of the capacitors. For high frequency measurements ͑1 MHz͒, a smallamplitude ac voltage ͑15 mV͒ was superimposed on the dc bias with a sweep rate of 0.1 V/s. The D it can then be calculated by the following relationship
where C QS , C HF , C ox , and q are the quasi-static ͑low frequency͒ capacitance, the high frequency capacitance, the oxide capacitance, and the electronic charge, respectively. The C ox is measured in the accumulation region. All capacitances in Eq. 1 are unit area capacitances. The measured and ideal high frequency capacitance-voltage ͑HF C-V͒ curves of the samples were compared, and the flatband voltage shift ͑⌬V FB ͒ was calculated based on the following equation
The ideal HF C-V curves of the samples were simulated. 24 To ensure that reliable results were obtained, the samples were tested three times in succession. The compositional analysis of each SiC/SiO 2 interface was performed by XPS ͑Sigma Probe͒ using a monochromatic Al K␣ X-ray source and a takeoff angle ͑ e ͒ of 90°. Figure 1 shows typical HF C-V results, measured at room temperature, of the dry oxides grown at 1175, 1300, and 1400°C with and without NO POA. In Fig. 1a and b, the hysteresis between the accumulation and depletion levels was insignificant to the dry oxides grown at lower temperatures ͑1175 and 1300°C͒ in the cyclic C-V measurement. However, for dry oxides grown at 1400°C, an obvious hysteresis of more than 0.5 V was observed ͑Fig. 1c͒. After NO POA, a negative flatband shift has been recorded for oxides annealed at 1175 and 1300°C. This indicates that a positive charge has been introduced during nitridation. 19, 25 In contrast, the oxide grown at the highest temperature ͑1400°C͒ exhibits a positive flatband shift and a much larger hysteresis ͑Fig. 1c͒ after NO POA treatment. An obvious hump at approximately 0 V when the voltage was measured from the accumulation to the depletion level for the oxide underwent NO POA at 1400°C. This hump indicates the existence of the interface trap available in the sample. As the bias is swept from the accumulation to the depletion level, charges are being trapped at the interface or NITs. When a revised bias is applied, the trapped charges could be detrapped from the interface trap. If the trap is located deep inside the oxide, the charge may require a longer duration to be detrapped, and this may not be able to respond in the HF C-V measurement. As a result, a huge flatband voltage shift has been recorded without a significant hump in the C-V curve. This is evidence of a higher D it located close to the conduction bandedge. 4, 25 The effective oxide charge densities ͑Q eff ͒ have been calculated based on the flatband voltage shift ͑⌬V FB ͒ and are shown in Fig. 2 . Q eff was calculated based on the following equation
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where C ox , A G , and q are the oxide capacitance, gate area, and electronic charge, respectively. As the growth temperature of dry oxide increased from 1175 to 1300°C, a slight decrease in the negative Q eff is observed. Adversely, the negative Q eff of the oxide grown at 1400°C becomes higher. After nitridation, a similar trend is observed. In comparison, nitridation reduces the density of the effective negative charge for the oxide grown at 1175°C, but there is a significant increment in the density for the oxide grown at 1400°C. However, for the oxide grown at 1300°C, the effective charge is converted into positive after NO POA. This may be attributed to the reduction in the negative-charged trap density at the interface and the increment in the positive-charged trap density arising from the nitridation process. 25 In Fig. 3a , D it values at E c − E t = 0.5 eV measured at room temperature are compared for samples treated with and without NO POA. The D it at E c − E t = 0.5 eV is attributed to carbon-related defects at the SiC-SiO 2 interface. [5] [6] [7] [8] [9] [10] [11] [12] For dry oxides grown at 1175 and 1400°C, both values were similar, but these values were much higher than the dry oxide grown at 1300°C. After nitridation, a significant reduction in the D it values was observed for the oxide grown at 1175°C. These results agree well with data previously reported. 13, 26 This reduction became smaller as the growth temperature was increased. The D it values of nitrided oxides grown at 1175 and 1300°C were comparable, while the nitrided oxide grown at 1400°C was slightly higher. D it increases as the growth temperature increases.
The total interface trap density ͑D tot ͒ between 0.2 and 0.4 eV below the conduction bandedge of 4H-SiC has been calculated by the following equation
where E c and E are the conduction bandedge and the interface trap level, respectively. The D tot was strongly associated with the NIT density, which was attributed to the intrinsic defects of the oxide. [10] [11] [12] As shown in Fig. 3b , D tot increased as the growth temperature of dry oxides was increased, except for oxide grown at 1175°C. Nitridation is able to reduce D tot . 18 This effect was evident for nitrided oxides grown at 1175 and 1300°C. A remarkable reduction was observed in nitrided oxide grown at 1175°C, but the reduction amount became smaller as the oxidation temperature increased. The reduction in the interface trap after nitridation may be attributed to the reduction in the interfacial strain due to the incorporation of N into the oxide network 23 or the suppression of accumulated carbon. 13, 14 To analyze the structural properties of bulk SiO 2 after high temperature oxidation, the resistance of the oxide against etching was evaluated. Figure 4a shows the change in oxide thickness as a function of etching time. The oxide thickness and refractive index ͑n͒ of the oxides were simultaneously obtained using an ellipsometer. A coefficient G ͑G = −1/slope͒, which is associated with the etching resistance, was extracted from the plot shown in Fig. 4a . The higher the coefficient value, the better the resistance of the oxide against the etchant. As the growth temperature of dry oxide increases ͑Fig. 4b͒, the value of G is clearly increased.
The resistance of the oxide against etching might be directly related to its density. The density of each oxide ͑͒ ͓ = ͑n − 1͒/0.202͔ was determined from its refractive index ͑n͒. 27 The n values of nonetched oxides grown at 1175, 1300, and 1400°C were 1.37, 1.42, and 1.46, respectively. The error ranges of the value are roughly Ϯ3%. The calculated densities of the oxides are comparable to the theoretical density of pure SiO 2 ͑2.0-2.3 g/cm 3 ͒, except for the oxide grown at 1175°C. 28 The relationship of the oxide density with the G value and oxidation temperature is shown in Fig. 4b . As the temperature increases, both the values of G and oxide density are increased. These results suggest that the structural properties of the bulk SiO 2 changed after high temperature oxidation. 29 To investigate the chemical state of the interface structure, XPS was used after the oxides were etched using 1% hydrofluoric acid aqueous solution. The electron escape depth of Si 2p photoelectrons in SiO 2 is 2.86 nm. This value is used as a standard depth to determine the interfacial thickness when the electron was excited by 1050 eV photons. 18 The interfacial layer ͑IL͒ of each SiC/SiO 2 sample was investigated by XPS after the oxide had been thinned down to about 3 nm. For a quantitative evaluation, the straightforward dataprocessing steps suggested by Himpsel et al. 30 were applied. The first step is to subtract a secondary-electron background from the raw data. The Si 2p XPS spectra were decomposed into three peaks. The raw data were represented by open circles. The fitted results for the dry oxides grown at various temperatures are shown as solid curves ͑Fig. 5͒. The binding energy ͑BE͒ of the SiO 2 peak is 2.7 eV higher than that of SiC. 31 Another peak with a BE of 101.6 eV is associated with Si-oxycarbides, which were formed in the IL between the oxide and SiC. 31, 32 The depth profiles of the dry oxide layers have been examined to clarify the cause of difference in the electrical properties. The areal density of the IL, N n , can be estimated from the Si 2p spectra using the following relationship 18, 33 
where R ͑=NI/NS͒ represents the intensity of the IL peak that has been normalized by the intensity of the SiC peak, n s represents the density of the Si atoms in the SiC substrate, and s represents the electron escape depth in the SiC substrate, which is approximately 2.0 nm for Al K␣ radiation. In this work, the n s value of 4.80 ϫ 10 22 cm −3 was used. 18 Assuming that the areal density of the Si atoms at the IL is equal to that of the SiC substrate ͑=1.21 ϫ 10 15 cm −2 ͒, the number of the monolayers of the IL, M n , can be expressed as N n /͑1.21 ϫ 10 15 cm −2 ͒. Considering that the thickness of one monolayer corresponds to the bond length of Si-C ͑0.189 nm͒, IL thickness ͑d i ͒ can be expressed as 0.189M n nm. The values of N n and d i were compared with the D it at 0.5 eV for dry oxides ͑Table I͒. There is a close correlation between N n of Si-oxycarbide states, d i , and D it . As N n and d i increase, D it also increases. This increment may be associated with the accumulation of carbon at the interface, which is evidenced from the increase in the interfacial thickness ͑d i ͒. With a lower accumulated carbon content, the d i value is reduced. This explains why the dry oxide grown at 1300°C exhibits the lowest D it . A further explanation of this phenomenon is as follows.
By using the deconvolution process mentioned above, the atomic concentrations of O, Si, and C were obtained from the dry oxides, as shown in Fig. 6 . The atomic concentration could be derived from a Table I . R "=NIÕNS… (the intensity of the IL peak normalized by the intensity of the SiC peak), the areal density "N n … and thickness "d i … of the IL, and the"D it … at 0.5 eV. The error ranges on the thickness are roughly ؎15% in the d i values. Figure 6 . The atomic percentages of silicon ͑Si͒, oxygen ͑O͒, and carbon ͑C͒ and the atomic percent ratio ͓O/͑Si + O͔͒ for the oxides produced at 1175, 1300, and 1400°C. The areas of the Si 2p and C 1s peaks were added up after the subtraction of the substrate components ͑Si-C and C-Si͒.
first approximation using the ratio of the area intensities of C 1s, Si 2p, and O 1s peaks. 34 The results indicate that the amount of oxygen increases from 56.2 to 64.8% when the oxidation temperature is increased from 1175 to 1400°C. The O/͑Si + O͒ ratio also increases ͑from 0.59 to 0.67͒, as the oxidation temperature increases. These increments may be associated with the increase in oxide density ͑Fig. 4b͒. Furthermore, the variation in the atomic concentration of carbon can be correlated with D it . Because the measurement error was roughly Ϯ3%, only the relative amounts of carbon were used for the discussion. A reduction in carbon atomic percent was observed, as the oxidation temperature increased from 1175 to 1300°C. However, an increment of carbon atomic percent had been observed in the oxide grown at 1400°C. This behavior is similar to the change in D it at 0.5 eV as a function of oxidation temperature. The equilibrium constant ͑K p ͒ ͓K p = exp͑−⌬G/RT͔͒ for this chemical reaction depends on the oxidation temperature. The parameters ⌬G, R, and T represent the changes in Gibbs free energy, the gas constant, and the absolute temperature, respectively. The higher oxidation temperature ͑Ͼ1175°C͒ enhanced the carbon removal. This may explain why both the areal density of the IL and the atomic percent of C at the SiO 2 /SiC interface are reduced in dry oxide grown at 1300°C. For the dry oxide grown at 1400°C, due to excess oxygen in the oxide, it may produce a higher density of SiC/SiO 2 interface traps. A discussion based on high temperature oxidation experiments was given by Zheng et al. 15, 36 According to their model, oxidation processes at lower temperatures ͑Յ1300°C͒ are dominated by the diffusion of molecular O 2 . At higher temperatures ͑Ն1300°C͒, the diffusion of ionic/atomic O contributes to the oxidation process. The diffusion mechanisms of molecular or atomic oxygen have been proposed by several research groups in recent years. [37] [38] [39] The proposed mechanism for molecular oxygen diffusion involves O 2 molecules moving through the growing oxide in a noninteractive manner. This occurs due to their declining concentration toward the SiC/SiO 2 interface and results in the formation of a new oxide layer at the original interface. 37 The diffusion of ionic/atomic O inside a growing SiO 2 sample results in the formation of stable chemical structures such as Si-O-Si and Si-O-O-Si, 38, 39 leading to the production of a denser oxide ͑Fig. 4b͒. As the oxide on the SiC becomes denser, it prevents by-products of the oxidation ͑e.g., CO and CO 2 ͒ from diffusing out from the interface during the oxidation process. These Si-O-Si and Si-O-O-Si structures are not a cause of the increment in D it in oxide grown at 1400°C because these structures are not acceptor-like defects that are located at the upper half of the SiO 2 bandgap. 12 The effects of the nitridation on the dry oxides can be determined by analyzing the N 1s peaks ͑Fig. 7͒. The IL of nitrided oxide mainly consisted of Si-oxynitrides, such as Si-N and Si-O-N. The highest intensity of the N 1s peak ͑Si-N and Si-O-N͒ has been recorded at the interface for the oxide grown at 1175°C. Parameters N n and d i have been extracted and are presented in Table I . After the NO POA treatment, N n and d i values are decreased as the oxidation temperature increases. This is associated with the reduction of Sioxynitride states at the interface. These results indicate that the passivation of the interface with nitrogen may not happen effectively for the NO POA treatment oxide ͑grown at 1400°C͒. The atomic ratios of N/͑N + Si͒ and C/͑C + Si͒ were obtained from the atomic concentration analyses and are shown in Fig. 8 . The results show that as the oxidation temperature increases, the atomic ratio of N/͑N + Si͒ decreases, but C/͑C + Si͒ increases. It may be attributed to the different reaction mechanisms that occurred at the interface during NO POA. During nitridation, any accumulated carbon would be simultaneously removed due to the incorporated nitrogen. 13, 23, 41 This may be a cause of the reduction in D it . Oxidation may consume Si to form SiO 2 . This process would generate more carbon clusters, thereby resulting in the increase in D tot . The results suggest that nitridation by NO is insufficient to remove carbon clusters accumulated at the interface for the oxide grown at 1400°C ͑Fig. 8͒. This may be due to a low diffusivity of the NO molecules in the denser bulk SiO 2 ͑Fig. 4b͒.
Conclusions
In summary, high temperature ͑1175, 1300, and 1400°C͒ oxidation of SiC substrates in dry O 2 with and without NO POA has been investigated. Based on the electrical and physical measurements, the formation of interface traps ͑D it ͒, NITs, and effective oxide charges ͑Q eff ͒ was determined. The high temperature dry ͑O 2 ͒ oxidation was able to reduce carbon content at the SiC/SiO 2 interface, which consequently led to an improvement in the electrical and physical properties of the oxide. Although the oxide grown at 1300°C showed improved properties compared to the oxide grown at 1175°C, the properties of the oxide grown at 1400°C showed no improvement. XPS measurements revealed that the areal density of the Sioxycarbide states was closely related to the D it . These results indicated that dry oxide grown at 1300°C had a low areal density of Si-oxycarbide states, which was attributed to good electrical properties. At a higher growth temperature ͑1400°C͒, the SiO 2 -SiC interfacial structure was affected by ionic/atomic O migration, and the interface properties were related to the volume fraction of oxygen available in the thermal SiO 2 . The ionic/atomic O reaction led to a denser SiO 2 network in the oxide. The NO POA treatment improved the electrical and physical properties of the high temperature grown oxides. The interface traps, NITs, and effective oxide charge densities of the nitrided oxide grown at 1300°C were comparable to those of oxides grown at 1175°C. The relationship between areal density and D it agreed well with that of the areal density of Si-oxynitride states and the amount of nitrogen incorporation.
